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 2-Acetyl-1-pyrroline (2AP) is the characterizing aroma compound in aromatic rice, 
popcorn, Pandan leaf and bread flower.  2AP also contributes to the flavor of a diverse array of 
other foods, such as roasted nuts, sweet corn, bread crust, lobster and cooked mushrooms.  2AP 
has a pleasant popcorn or cracker-like aroma and a low odor threshold of 0.1 ppb.  However, 
2AP is unstable and is quickly lost in cooked foods, such as bread and popcorn.  The instability 
of 2AP was noted along with its discovery in 1982, and, in the following year, it was 
hypothesized that 2AP may undergo a polymerization process.  Much research has been done on 
2AP in the intervening years:  deducing 2AP’s formation pathway by the Maillard reaction, 
quantitation in various foods, development of new synthetic routes and attempts towards its 
stabilization.   Despite this appreciable body of research, little has been done to determine the 
fate of 2AP to date.  The current research fills the gap by establishing that 2AP polymerizes with 
supporting analytical data.  To accomplish this, 2AP and its products were measured in water 
over time by electrospray high resolution mass spectrometry (ESI-HR-MS) and nuclear magnetic 
resonance (NMR).  Dehydration occurs as polymerization proceeds, producing products with 
increasing degrees of unsaturation.  The structure of 2AP’s hydrated dimer is proposed, along 
with a possible mechanism for its formation.  MS deuterium exchange data and 2D NMR data 
are used to support this structure. 
Although numerous attempts have been made to stabilize 2AP, many proposed methods 
lack storage stability data.  Even the more promising techniques require special storage 
conditions, such as low moisture or reduced temperature storage.  In this work, starch 
complexation was evaluated for 2AP stabilization.  The linear portion of starch, amylose, is able 
to form an α-helix around flavor compounds and other small molecules.  The methodology was 
iii 
 
developed using the structurally similar 2-acetylpyridine (2APy).  Complexation time was also 
reduced from 24 hours to under one hour, to limit the time 2AP is exposed to water, by using the 
addition of organic solvent and sonication.  Complexes were characterized using x-ray 
diffraction, gas chromatographic analysis and differential scanning calorimetry. Loadings of up 
to 0.504 (±0.071)% 2AP were obtained and over half of the flavorant was retained after 2 weeks 
storage at 0% relatively humidity.  After further development, this approach may offer a viable 
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CHAPTER 1:  INTRODUCTION 
2-Acetyl-1-pyrroline (2AP) is an extraordinary molecule.  This structurally simple 
molecule has garnered the attention of flavor researchers since its discovery in 1982
1
.  In the past 
36 years, 2AP has been identified in over 30 foods
2
, at least 11 synthetic routes to this compound 
have been devised
2,3
 and at least 9 US patents have been granted for approaches to stabilize the 
molecule
4–12
.  2AP is the characterizing aroma compound in aromatic rice
13





 and bread flower
17
.  2AP also contributes to the flavor of a diverse array of other 
foods, such as roasted nuts, sweet corn, bread crust, lobster and cooked mushrooms
2
.  2AP has a 
cracker-like or popcorn-like aroma and a low odor threshold of 0.1 ppb
13
.   
This molecule is involved in complex chemistry, with respect to both its formation and 
loss.  2AP can be formed biochemically in aromatic rice, Pandan leaves and bread flowers
18
.  
Interestingly, the desirable accumulation of 2AP in aromatic rice is the result of a genetic 
mutation
18
.  2AP is also formed via the Maillard reaction through a lengthy series of reactions, 
with proline and ornithine as the amino acid precursors
2,19
.  The caveat of using 2AP as a 
flavoring is its instability.  2AP cannot be stored neat, as it will immediately begin to react, and 
even a dilute solution in water is unstable.  A 30 ppm aqueous solution of 2AP at pH 8 degraded 
by 63% after 7 days
20
. 
 Buttery et al. proposed that 2AP undergoes polymerization
1,13
.  This hypothesis fits with 
the observations that 2AP undergoes a rapid color change from pale yellow to red when it is neat, 
and that the resulting material is sticky and viscous.  However, there is no analytical data to 
support this hypothesis.  This led to the first study objective:  
Objective 1:  To chemically characterize 2AP’s spontaneous reaction products and pathway. 
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We hypothesized that by elucidating 2AP’s reaction mechanism, it would be possible to 
stop or interrupt 2AP from reacting.  This led to our objective 1 aim:  
Aim 1-1:  To develop and validate methodology for studying 2AP loss and to use this 
methodology to identify the chemical structure(s) of 2AP’s spontaneous reaction products.  
Specifically, our aim was to identity the structure of the dimer.   
We choose to focus on the dimer rather than the final products because this gave more 
insight into the mechanism.  Early research in our lab revealed that 2AP reacts to form many 
products, and identifying the final products would not necessarily provide information about the 
initial reaction step.  Therefore, we wanted to isolate and identify the first product so that 2AP 
could be protected at its most vulnerable sites. 
 The project’s second research area was to identify and demonstrate a method to stabilize 
2AP with the insight gained from 2AP’s mechanism.  From previous research in our lab, it was 
known that 2AP can be stabilized by forming a zinc halide complex
21
.  The zinc forms a covalent 
bond to the carbonyl oxygen and the nitrogen in 2AP, keeping 2AP stable as long as these groups 
are held captive
12,21
.  However, even low levels of moisture in the air can break this complex, 
which puts cumbersome restraints on product applications.  Another idea for stabilization, which 
was inspired by nature, came in the form of the rice granule itself.    2AP shows a slow decline in 
raw rice, on the scale of months
22,23
.  In contrast, 2AP declines rapidly in freshly prepared food.  




, respectively.  
Therefore, the main component of raw rice, ungelatinized starch, appears to provide stabilization 
to 2AP in some way, which may be via a flavor-starch complex.  Linear chains of starch 
(amylose) can be induced to form α-helices around small molecules
25–28
.  The amylose α-helix 
core is hydrophobic
29
; therefore, water is blocked from accessing the core material.  Further, the 
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narrow diameter of the α-helix
30,31
 limits the amount of interaction the core materials (e.g., 
individual flavor molecules) can have with one another.  Starch requires both heat and water to 
break its crystal structure.  Therefore, water should not pose a problem to starch complexes, as 
long as room temperature is maintained.  This idea led to objective 2: 
Objective 2:  To develop and characterize a flavor-starch technology capable of both protecting 
flavor compounds and enabling targeted release. 
We hypothesize that 2AP can be stabilized by forming a starch-2AP complex and that the 
complex will exhibit better storage stability than 2AP alone.  The complex can be broken under 
standard cooking practices, such as boiling or steaming. 
To evaluate this hypothesis the following aims were established: 
Aim 2-1:  To use 2-acetylpyridine as a representative of the family of structurally similar 
cracker-like aroma compounds and demonstrate the utility of starch complexation for targeted 
release. 
Aim 2-2:  To extend the applicability of flavor-starch complexes to unstable and/or potent 
flavors of interest. 
Aim 2-3:  To demonstrate the storage stability of the flavor-starch complexes. 
 
Rationale and Significance 
This is the first study to analytically follow 2AP’s fate, proposed to occur via 
polymerization, and characterize the intermediate reaction products.  The mechanistic insights 
gained from 2AP can guide future stabilization work and are expected to be applicable to other 
structurally similar and unstable heterocyclic aroma compounds.  Further, this research lays the 
framework for a novel stabilization strategy for 2AP based on the formation of starch inclusion 
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complexes.  Since starch is a common food ingredient, the incorporation of this material into a 
food would be straightforward from both an ingredient and labeling perspective.  2AP is 
desirable as an added flavoring because it contributes to the flavor of such a wide range of foods 
and is a potent aroma compound.  Technology that is able to deliver 2AP in a stable and practical 
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 CHAPTER 2:  LITERATURE REVIEW 
Discovery of 2-acetyl-1-pyrroline (2AP) 
 2AP was discovered in 1982 by Ron Buttery’s group at the Western Regional Research 
Center of the United States Department of Agriculture (Berkeley, CA) while studying seven 
varieties of rice
1
.  2AP was synthesized and the odor of the synthetic material agreed with the 
fragrance of rice, especially more aromatic varieties such as Basmati
1
.  The following year, this 
research group offered the hypothesis that 2AP undergoes a polymerization process between the 
carbonyl group and the five position of other molecules
2
.  A depiction of this reaction is shown 
in Figure 2-1.  Since its initial discovery, 2AP has been identified in a plethora of foods
3
. 
Significance and occurrence of 2AP 




 and the Pandan 
leaf
5
.  2AP can be formed biochemically, such as in rice, Pandan leaf and bread flower
3
.  
Additionally, it is a Maillard reaction compound; and therefore, 2AP is present in a huge variety 
of cooked foods including crustaceans, cooked meats, roasted nuts, sweet corn and various seeds 
and oils
3
.  Furthermore, 2AP has a pleasant cracker-like or popcorn aroma with a low odor 
threshold (0.1 ppb) making it a desirable favoring material
6
.  During the 36 years since 2AP’s 
discovery there has been a wealth of research done on the molecule that has included the 






 of 2AP in 




 methods have been assessed to try 
to increase the compound’s stability.  At least 11 synthetic routes to 2AP have been devised, 
which are summarized in the excellent review by Adams and De Kimpe
3
 and there are at least 9 
U.S. patents concerning this molecule
11,12,14–20
, most of which address possible stabilization 
strategies.   
10 
 
Formation of 2AP biologically and via the Maillard reaction 
 2AP is formed biologically in aromatic rice, such as Jasmine and Basmati
2
.  2AP 
accumulation in rice is the result a gene mutation on the badh2 gene in rice and a corresponding 
loss of function of the BADH2 protein
21
.  Interestingly, after the replacement of the faulty badh2 
gene with a complete gene, an aromatic rice variety stopped accumulating 2AP
21
.  The growth 
environment of the rice crop also impacts 2AP levels.  For example, Pusa basmati grown in the 
rainy season had 0.030 ppm 2AP, while no 2AP was detectable in the summer-grown crop
22
.  
The application of nitrogen containing fertilizer, as well as the elements nitrogen, phosphorus, 
calcium, magnesium, manganese and zinc increased 2AP content in aromatic rice
21
.   
Other plants with characteristically high levels of 2AP include Padan leaves, notably only 
the leaves of the variety Pandanus amaryllifolius Roxb. are aromatic
23
, and the bread flower 
(Vallaris glabra Ktze)
24




 The vast occurrence of 2AP in foods is due to its formation in the Maillard reaction, 
rather than biological origins.  Proline and ornithine are the amino acid precursors, which can 
degrade to 1-pyrroline.  Glucose is the sugar source for the Maillard reaction, which forms 2-
oxopropanal.  1-Pyrroline and 2-oxopropanal react and undergo a series of reactions involving 
dehydration, oxidation and decarboxyation to produce 2AP
25
.  A reaction scheme is presented in 
Figure 2-2. 
2AP use is limited by its stability 
2AP is hypothesized to undergo polymerization
1,2
 (Figure 2-1) and this fits the 
observations of other researchers.  De Kimpe and Keppens note in their synthesis description that 





which may be polymerization products.  Fuganti et al. reported that 2AP began to decompose 
within a few hours of its synthesis
27
.  However, no analytical data exists to support a 
polymerization reaction to date. 
Tools for determining the fate of 2AP 
 Some tools commonly employed for the elucidation of unknown compounds are nuclear 
magnetic resonance spectroscopy (NMR) and high resolution mass spectrometry (HR-MS).  
These two methods are very powerful when used together because HR-MS can provide the 
chemical formula of the unknown and NMR can provide information about the functional groups 
present and connectivity information between atoms. 
 Standard proton NMR provides information via chemical shifts and splitting, which is 
useful for determining the functional groups present in a molecule and the protons that are 
present on the same or adjacent carbons.  2D NMR data is valuable for learning about longer 
range connectivity or the connectivity between different types of atoms.  In all 2D spectra, the 
data is presented as a plot, with proton spectra on the x-axis and either proton or carbon spectra 
on the y-axis.  Signals are observed as cross peaks within the plot [similar to a data point at a 
particular (x,y)], to pair atoms from the two axes.  The z-axis can be zoomed in or out to see the 
relative intensity of a peak.  The data is viewed as one slice or one plane along the z-axis.  For 
example, in COrrelated SpectroscopY (COSY) cross peaks indicate which protons are related to 
other protons within 2-3 bonds.  Although coupling patterns and coupling constants should 
provide this information, COSY allows this information to be accessed when overlapping peaks 
and complex multiplets limit analysis of the proton NMR data.  There is a diagonal in the plot for 
COSY, relating identical peaks on each axis.  Additionally, there are signals off of the diagonal, 
relating peaks at different chemical shifts that “see” each other chemically.  Hetronuclear Single 
12 
 
Quantum Coherence (HSQC) and Hetronuclear Multiple Bond Correlation (HMBC) experiments 
are valuable for gaining information about carbon-proton connectivity.  In HSQC, carbon-proton 
relationships through one bond (proton attached to the carbon) are determined.  Conversely, 
HMBC gives information about carbons and protons related through two or three or even four 
bonds.  HMBC can give crucial clues about piecing the parts of a molecule together and it also 
provides information about quaternary carbons.  In this way, carbonyls can no longer be elusive 
from the rest of the molecule.  
15
N HMBC is the analogous version of the experiment which 
relates the nitrogen atoms in a molecule to the protons within 2-4 bonds.  The disadvantage of 
HMBC and 
15
N HMBC in particular is that long acquisition times are required.  Nitrogen-15, 
with a spin of -1/2, is the nitrogen isotope normally studied in NMR spectra.  However, 
sensitivity is a problem because nitrogen-15’s natural abundance is very low at 0.37%
28
.  In 
TOtal Correlation SpectroscopY (TOCSY), one proton signal is selected for irradiation and all 
the protons connected in the same spin system show signals.  Therefore, two, three or more 
adjacent protons can all be linked together.     
 HR-MS is a complementary tool to NMR, because it gives a molecule’s chemical 
formula and number of degrees of unsaturation.  In HR-MS, the mass accuracy is very high, 
ideally within 5 ppm.  Mass accuracy
29
 is defined as: 
 
The exact mass for any chemical formula is determined based on the types of atoms present, 
including the isotopes of that atom, and the number of each of those atoms and isotopes.  When 
an experimental mass is obtained, software can be used to generate all possible chemical 
formulas that fall within 5 ppm of the experimental mass.  The more that is known about the 
atoms in the unknown compound, the easier it is to determine which of the possible chemical 
13 
 
formula generated is correct.  Additionally, some HR-MS instruments are able to perform 
MSxMS or MS
n
.  This gives additional clues about the structural pieces of the molecule. 
Strategies for 2AP stabilization 
Previous efforts to stabilize 2AP have included both physical and chemical means.  
Physical means have included encapsulation and entrapment. In encapsulation studies, the 
loading of 2AP was very low, between 30-40 ppm.  At this concentration, no significant loss of 
2AP occurred in the first 30 days for 70:30 and 60:40 gum acacia-maltodextrin mixtures and, 
after 72 days of ambient storage, the 70:30 and 60:40 gum acacia-maltodextrin mixtures showed 
losses of 27.7% and 33.4%, respectively
13
.  2AP solutions have also been combined with 
cyclodextrin or maltodextrin-gum acacia, followed by freeze drying
14
.  At 1% loading of 2AP 
into β-cyclodextrin and storage at 20 °C, 99% decomposition occurred after 110 days of storage; 
however, 10% and 0% decomposition occurred when the storage temperature was 4 or -20 °C, 
respectively
14
.   
Chemical means to stabilize 2AP have taken advantage of its acid/base properties and 
synthetic precursors.  The patent literature on 2AP describes how to form a stable salt of 2AP, by 
adding dilute hydrochloric acid to an aqueous solution of 2AP, followed by rotary evaporation to 
yield a salt
11
.  2AP is released from the salt simply by the addition of base or a solution with 
buffering properties.  The storage stability of the salt was not provided.    In regards to synthesis, 
2AP can be generated from stable precursors.  For example, in the work described above 
regarding entrapment of 2AP in β-cyclodextrin, the researchers first generated 2AP by hydrolysis 
of 2-(1-ethoxyethenyl)-1-pyrroline
14
.  The ethyl group on the ether is lost and rearrangement of 
bonds gives the acetyl group.  This reaction is shown in Figure 2-3(a).  Unfortunately, this patent 
does not report on the stability of the 2AP precursor.  In a similar way, De Kimpe and Keppens 
14 
 
designed an intermediate that would also generate 2AP upon acid hydrolysis, either by reaction 
in the lab or slowly in a food system.  2AP was synthesized from α-dione, with 2-(1,1-
diethoxyethyl)-1-pyrroline as the stable precursor of 2AP
26
.  This ketal precursor is shown in 
Figure 2-3(b).  Morere et al. also demonstrate a method to produce 2AP from a structurally 
similar ketal precursor
12
.  The ketal precursor used in this reaction [2-(1ʹ,1ʹ-diethoxyethyl)-
pyrrolidine] is stirred under acidic conditions for 12 h to form 2-acetylpyrrolidine, followed by 
neutralization to pH 7
12
.  Finally, oxygen is bubbled through the reaction mixture for 6 h to form 
2AP
12
 [Figure 2-3(c)].  While the precursor is stable, this is considerable time and effort to 
generate 2AP from the ketal.  One key idea of this patent though is that the 2AP precursor, 2-
(1ʹ,1ʹ-diethoxyethyl)-pyrrolidine, can be added to food and it will slowly undergo acid hydrolysis 
and oxidation in the food, generating 2AP.  Another synthetic route to 2AP, which likely inspired 
Morere et al.’s work, was to form a trifluoracetate salt with 2-acetylpyrrolidine
30
.  After pH 
adjustment to free the 2-acetylpyrrolidine from the salt, the 2-acetylpyrrolidine can undergo 
oxidation to generate 2AP
30
 [Figure 2-3(d)].  While the trifluoracetate may be a problem for food 
applications, the precursor should convert to 2AP more readily than the approach suggested by 
Morere et al.  Additionally, a 1991 European patent application describes the production of 2AP 
after a 7 day acid hydrolysis of its precursor
12
.  There are several other synthetic routes to 2AP, 
but they do not have a final step involving hydrolysis or oxidation that could conceivably 
produce 2AP in a food system.  Unfortunately, none of these researchers demonstrated the 
feasibility of using their synthetic precursors as a time released source of 2AP.  This final step is 
key to not simply synthesizing 2AP, but delivering 2AP to the consumer.  Others synthetic routes 
are described well by Morere
12





The final chemical approach to stabilizing 2AP utilized the formation of zinc halide 
complexes with 2AP
9,10
.  Storage studies have demonstrated that the 2AP complex is stable for at 
least 4 months under proper storage conditions
31,32
.   However, the complex is very moisture 
sensitive and ambient storage without humidity control showed loss of nearly 75% of 2AP by 
day 78 of the study.  These findings clearly demonstrate the potential of 2AP complexation for 
increased stability, but also the need for further work to make this complex feasible under 
standard environmental/food conditions.  The addition of a moisture barrier to protect the 
complex will increase the number of foods that the complex can be added to, as well as allow 
less stringent storage conditions. 
Starch complexes:  Another technology for molecular entrapment 
Starch is composed of the mostly straight chain polymer amylose and the branched 
polymer amylopectin.  When amylose is in the presence of a small molecule, such as iodine, the 
amylose can be induced to crystallize around the small molecule forming an α-helix.  This 
crystalline form is known as the V-type.   
Starch complexes were first observed with iodine, although an understanding of the 
phenomena took scientists years to reach.  C. S. Hanes proposed the helical nature of starch, 
composed of 6 units of glucose per turn in 1937
33,34
.  Starch had been observed to form blue-
violet, violet, red-brown and pale red colors with iodine, but this coloration was absent from 
starch chains containing 6 glucose units or fewer
33
.  At that time, the macrostructure of starch 
was unknown and the action of various amylases on starch were being determined.  β-Amylase 
was known to cleave 6 glucose unit chunks from the starch molecule.  Hanes reasoned that if the 
starch was coiled into a helix, with 6 glucose units per turn, the β-amylase would be cleaving the 
starch in a spatially logical way
34
.  Further, this helix could explain why chains of glucose 
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needed to be longer that six units to observe the coloration in the presence of iodine
34
.  Earlier in 
the 1930’s, the V crystalline form of starch was determined separately by Katz
35
.  Rundle and 
Baldwin clearly and concisely outline the early knowledge and open questions on the starch-
iodine complex
35
.   









.  The diameter of the helix can vary from 
approximately 13.0-13.7 Å for V6 anhydrous or hydrated complexes, respectively, to 16.2 Å for 
V8 complexes 
45,46
.  The subscript on “V” denotes the number of glucose units per turn of the α-
helix.  The diameter of the α-helix depends on the size of the core material.  Some molecules 
may also occupy the interstitial space between coils of the helix, such as in the V6II and V6III 
crystals.  Some of the helices with wider diameters (V6II V6III, V7) can undergo dehydration to 
form the V6 crystal
38,47,48
.  For this reason, some scientists consider only the V6 and V8 to truly 
exist because the V7 complex can be converted to the Vh (V6 hydrated) crystal.  The V7 complex 
is likely the result of molecules being predominantly situated between coils of the helix
38,48
. 
Numerous methods exist for forming starch-flavor complexes.  The key idea behind these 
methods is that the native crystalline form of the amylose will be broken so that amylose is free 





.  Additionally, chemical means include the use of dimethyl 
sulfoxide/water solutions or sodium hydroxide treatment, followed by pH adjustment with acid
50
.  
These chemical methods also require heating to the desired temperature before addition of the 
core material.  Alternatively, the starch complex can be synthesized around the target molecule 
by enzymatically adding glucose units to a primer chain, such as maltoheptanose
40,51
.  The 
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primer chain could be a cyclodextrin that was cleaved at one bond to give a short chain of 
glucose molecules
40
.   
The amylose α-helix, the Vh crystalline form, creates a unique hydrophobicity profile 
compared to an amylose double helix, the crystalline A form
52
.  The outside of the α-helix is 
hydrophilic and the inside is hydrophobic, which explains why lipids and other nonpolar 
molecules are attracted to the α-helix core
52
.  Amylose double helices, in contrast, have 
hydrophobic and hydrophilic regions over a very small distance and these regions alternate 
within the double helix.  Additionally, the amylose double helix has a steeper pitch.  This 
effectively narrows the diameter of the double helix – imagine stretching a Chinese finger trap 
between two index fingers - so that it is too small for guest molecules to reside within it
52
. 
Characterization tools for starch complexes 
The successful formation of starch complexes can be confirmed by numerous analytical 
techniques.  X-ray diffraction (XRD)
53,54
, wide-angle x-ray diffraction (WAXD)
48
 and fiber x-
ray analysis
45,46,55,56
 all provide information about the crystalline structure of the complex.  Fiber 
x-ray analysis has allowed the identification of unit cells of the V6-V8 α-helices
45,46,55,56
. Other 





, circular dichroism (CD)
57,58





 and gas chromatography (current work). 
  X-ray diffraction is a tool for probing the crystal structure of a material.  An x-ray beam 
of a single wavelength is directed at the crystal at an angle θ and part of the beam is scattered by 
the atoms at the surface of the crystal
60
.  The x-ray beam continues to travel deeper into the 
crystal, with portions of it being scattered at each layer of atoms.  The distance between layers of 
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atoms in the crystal must be close to x-ray beam wavelength
60
.  Constructive interference of the 
incident x-ray occurs when the conditions of the Bragg’s law are met: 
 
where n is an integer, λ is the wavelength of the incident radiation, d is the distance between 
layers of the crystal lattice and θ is the angle of the x-ray beam
60
.  X-ray powder diffraction, 
often called powder patterns, uses ground crystalline material and measures the bulk properties 
of the material
61
.  The angle θ is varied and constructive interference occurs when the conditions 
of Bragg’s law are met
60,61
.  Typically, the crystals are randomly oriented in the sample holder 
and all the diffraction directions of the crystal lattice of the sample are observed as a peak in 
intensity
61
.  For the wavelengths producing an increase in signal, the corresponding d spacings in 
the crystal lattice can be determined.  Further, this information can be used to determine the unit 
cell type.  The crystal of a salt, such as sodium chloride, will exhibit sharp peaks.  All of the 
crystalline forms of starch exhibit broad peaks, due to its large unit cell.  An amorphous solid 
will show only a very broad hump in the spectra. 
Starch can adopt multiple crystalline patterns.  In the absence of a complexing agent, the 
amylose will adopt a double helix in either the A- or B-form.   The A-type crystal is 
characterized by 2θ = 9.5°, 11.1°, 15°, 17°, 18° and 23°
53
, whereas the B-type crystal has its 
main diffraction peaks at 2θ = 5.6°, 15°, 17°, 22° and 24°
54
.  When both the A- and B-type 
crystals are present, the allomorph is called the C-type
62
.  In the presence of core material, the 
amylose can be induced to form an α-helix (V-type) and the XRD will exhibit the characteristic 
Bragg angles at 2θ = 7.4°, 12.9° and 19.8°
50
.   
DSC is used to gain information about the starch complex’s thermal stability and the 
uniformity of the complexes.  Rodríguez and Bernik compiled the melting temperatures of 
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numerous starch complexes in the literature and found that the melting peak typically occurs 
between 90-110 °C.  Rodríguez and Bernik primarily focused on flavor compounds as the guest 
molecule, although fatty acid esters were also included
42
. 
Two features of the DSC thermogram can be used to gain insight into the thermal stability of 
a particular peak.  First, when a starch complex shows multiple endotherms, it can be concluded 
that there are multiple crystalline forms in the sample, each possessing a different thermal 
stability
36
.  Second, it is also possible to establish if the crystalline form can be perfected via 
annealing, which involves a slow heating rate.  This would allow the solid material to melt and 
recrystallize into a more thermally stable crystal
36
.   Researchers categorize the starch complexes 
into type I, IIa and IIb, indicative of the extent of lamella formation
37,38,63,64
.  The type I complex 
lacks long range lamellar structure.  Type IIa and IIb complexes have increasing lamellar 
structure and higher melting temperatures
38
.  Interestingly, the papers that discuss type I and II 
complexes all evaluate lipids and fatty acids.  Therefore, it is unclear whether flavor-starch 
complexes can also exist in these different types.  While lipids are known to form multiple 
crystal structures, known as polymorphs, flavors do not typically have multiple crystalline 
structures.  Karkalas et al. showed that the melting temperature for the stearic acid-starch 
complex was 96.0 °C, 118.0 or 119.4 °C, and 125.5 °C for type I, IIa and IIb, respectively37.  
However, the core material impacts the melting temperature of the complex.  For example, 
docosahexaenoic acid’s type IIb complex melts at 96.3 °C, the same as stearic acid’s type I 
complex.  Extending this information to flavor complexes, it is difficult to conclude what type of 
complex is present for flavors-starch complexes that melt between 90-110 °C, without observing 
peaks for all types (type I, IIa and IIb).  Evaluating the melting profiles of flavor-starch 
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complexes made at various complexation temperatures would be a way to probe whether the type 
I, IIa and IIb forms exist in flavor-starch complexes. 
Another important consideration when performing DSC on the starch complexes is the 
water content in the sample pan.  It is necessary to include at least 70% water with the starch 
slurry to ensure that the observed melting temperature of the complex remains constant at high 
water concentrations
36
.  Biliaderis et al. demonstrates this phenomenon clearly with amylose-
lauric acid and amylose-monopalmitin
36
.  If low water contents are used, the melting temperature 
of the complex will be obscured by other thermal transitions, such as recrystallization
36
.  Also, it 
is necessary for the water content to be at least 50% for the melting transition enthalpy to 
become independent of water content
36
.  Finally, it is also noteworthy that starch complexes are 
thermally reversible
36,48
.  The cooling rate and water content of the sample affects the observed 




















Figure 2-3 Chemical approaches used to stabilize 2AP by use of a stable synthetic precursor.  
These routes can also utilize the acid nature and oxygen environment of food systems to 
facilitate a slow release of 2AP.  None of the literature provides proof-of-concept examples in 
food systems.  Methods based on the work of (a) Duby et al.
14
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CHAPTER 3:  MOLECULAR SLEUTHING OF THE FATE OF 2-ACETYL-1-
PYRROLINE:  POLYMERIZATION REVEALED BY HIGH RESOLUTION MASS 
SPECTROMETRY AND NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 
ABSTRACT:  2-Acetyl-1-pyrroline (2AP) is the characterizing aroma compound in aromatic 
rice and popcorn and also contributes to the flavor of a diverse array of foods, due to its 
formation via the Maillard reaction.  Despite these positive attributes, 2AP is quickly lost in 
cooked foods, in solution and in neat form.  The earliest reports on 2AP propose that it 
undergoes polymerization, and the current work tests this hypothesis.  This research has followed 
the fate of 2AP in water over time by electrospray high resolution mass spectrometry (ESI-HR-
MS) and nuclear magnetic resonance spectroscopy (NMR).  We have learned that 2AP loss 
occurs through a complex polymerization process.   Dehydration occurs as polymerization 
proceeds producing products with increasing degrees of unsaturation.  The structure of 2AP’s 
hydrated dimer is proposed, along with a possible mechanism.   MS deuterium exchange data 
and 2D NMR are provided to support the proposed structure. 
Key words:  2-acetyl-1-pyrroline, unstable, polymerization, high resolution mass spectrometry, 
NMR, 2D NMR, dimer, stable isotope, deuterium exchange 
Introduction 
2-Acetyl-1-pyrroline (2AP) is a potent flavor compound with an odor detection threshold 
of 0.1 ppb
1
 and has a popcorn or cracker-like aroma.  2AP’s structure is shown in Figure 3-1(a).  
2AP was first identified in 1982
2
 and, in the past 36 years, over 11 synthetic routes to this 
compound have been devised
3
.  2AP has been identified in over 30 foods, ranging from rice to 
crustaceans
3
, and at least 9 US patents have been granted for approaches to stabilize the 
molecule
4–12





in some foods in addition to its formation via the Maillard reaction
14
.  The rich journal and patent 
literature on 2AP helps illustrate the importance of this compound. 
The instability of 2AP was noted in the first report on this compound by Buttery’s group
2
. 
2AP rapidly changes from a pale yellow oil to a dark red viscous material.  They further 
hypothesized that 2AP may undergo a polymerization process, “formed by condensation of the 
carbonyl groups with the 5-positions of other molecules” to form a conjugated pyrroline 
polymer
1
, as shown in Figure 3-2.  Since these early reports, research has focused on other 
aspects of 2AP, such as its formation biologically and via the Maillard reaction, rather that its 
fate due to polymerization or degradation.   
Numerous researchers have endeavored to stabilize 2AP.  Chemical methods have 
included precipitating 2AP with acid to form a stable salt, and this salt can release 2AP in the 
presence of a buffer or slightly basic solution
4
.  Synthetic routes to 2AP have been developed to 
form a stable ketal precursor, which can undergo slow acid hydrolysis to release 2AP
11,15
.  The 
work of Duby and Huynh-Ba patented a strategy utilizing both chemical and physical means for 
stabilization
8
.  2-(1-Ethoxyethenyl)-1-pyrroline was synthesized as a stable precursor of 2AP, 
which generates 2AP upon hydrolysis.  Then, 2AP was trapped within cyclodextrin and freeze 
dried.  At 1% loading of 2AP into β-cyclodextrin and storage at 20 °C, 99% decomposition 
occurred after 110 days of storage; however, 10% and 0% decomposition occurred when the 
storage temperature was 4 or -20 °C, respectively
8
.  Spray drying has also been utilized to 
stabilize 2AP; however, the loading was only 30-40 ppm
16
.  After 72 days of ambient storage, 
the 2AP spray dried with 70:30 gum acacia:maltodextrin showed losses of 27.7% 2AP
16
. 
The most promising stabilization strategy offered thus far was proposed by Fang and 
Cadwallader
12,17
.  This strategy involves the coordination of 2AP with zinc halides (ZnI2, ZnBr2 
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or ZnCl2) and results in a stable dry powder.  The zinc forms a covalent bond to the nitrogen and 
oxygen in 2AP, effectively holding these two reactive groups captive and preventing reaction 
with other molecules of 2AP.  2AP complex with 14.4% loading lost only 6% of the 2AP content 
after 3 months of storage at 25 °C, in a moisture free environment12.  This is a notable 
achievement, although the moisture free requirement limits its utility in real food systems. 
Despite the amount of research evaluating 2AP’s biochemical origin, formation pathway 
in the Maillard reaction and synthetic production, there is still a knowledge deficit regarding 
2AP’s loss through reaction.  While researchers have hypothesized that 2AP polymerizes, there 
are no published analytical data to confirm this.  Knowledge of 2AP’s reaction pathway may 
offer insight into a way to stop the reaction.  Similarly, we may learn more about the group(s) on 
2AP that must be held captive to provide stability.  A practical stabilization strategy is still 
needed that can deliver a known amount of 2AP in food applications.  Further, knowledge of 
2AP’s reaction products could guide an investigation into 2AP’s role in the plant and whether it 
is stable in the plant. 
The scope of this research is to identify methods to reproducibly monitor 2AP’s reaction 
progress and learn about the chemical features of the resulting products.  We quickly realized 
that 2AP’s lost pathway is complex, involving many intermediates, and this paper probes the 
structure of the early intermediates.  The structure of 2AP’s hydrated dimer is proposed. 
Materials and methods 
Chemicals 
2AP was synthesized following the method of De Kimpe et al.
18
, with minor 
modifications.  d3-2-Acetyl-1-pyrroline [Figure 3-1(b)] was synthesized according to the same 
method with d3-iodomethane and  2-
13







C-iodomethane in place of the unlabeled compound.  Diethyl ether 
was obtained from Fisher Chemical (Fair Lawn, NJ) and sodium sulfate was obtained from 
Mallinckrodt, Inc. (Paris, KY).  Nonane, which was used as an internal standard, was obtained 
from Aldrich (Milwaukee, WI). 
Sample preparation 
After synthesis, 2AP was stored at -20 ° C in dry diethyl ether in the presence of sodium 
sulfate.  2AP concentration was determined by combining a known volume of 2AP solution with 
a known volume of standard solution of nonane in dichloromethane.  The solution was mixed 
and injected in hot split mode (250 °C, 10:1) onto a HP-1 column of an Agilent 6890 gas 
chromatograph (Palo Alto, CA) equipped with a flame ionization detector.  The concentration of 
2AP was calculated by the ratio of the peak areas of 2AP and nonane, the known concentration 
of nonane and the experimentally determined response factor between the two compounds. 
In most HR-MS and NMR studies, the target concentration of 2AP in water was 25 
mg/mL, in which rapid 2AP loss occurs.  Based on the known concentration of 2AP in ether, the 
desired volume was pipeted from the storage vial and filtered to remove sodium sulfate.  The 
diethyl ether was then removed with a gentle nitrogen gas purge to give neat 2AP in a tared vial.  
The vial containing 2AP was quickly weighed and diluted with the desired volume of water to 
give approximately 25 mg/mL 2AP.  The solution was then immediately analyzed by ESI-HR-
MS, after making appropriate dilutions for infusion.  Final concentration and sample prep was 
done in the same lab as the MS to allow for rapid sample analysis. 
HR-MS by ESI-Orbitrap 
Mass spectra were collected at the Metabolomics Center, Roy J. Carver Biotechnology 
Center, University of Illinois at Urbana-Champaign.  Samples were analyzed with the Thermo 
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Q-Exactive MS system (Bremen, Germany) and Xcalibur (V.3.0.63) was used for data 
acquisition and analysis.  The sample was infused into the instrument at the flow rate of 15 
µL/min.  Full MS scans were acquired with HESI in the positive mode in the Orbitrap mass 
analyzer over the range m/z 50-750 and m/z 400-6,000 with a mass resolution of 70,000.  The 
AGC target value was 3E+06 and the maximum injection time was 50 ms.  The HESI conditions:  
capillary temperature at 250 °C; spray voltage at 3.5 kV; sheath and auxiliary gas (nitrogen) flow 
rate at 17 psi and 6 (arbitrary units); respectively; S-lens RF level at 50, auxiliary gas heater 
temperature at 106 °C.  MS/MS scans were preformed in HCD with nitrogen as the collision gas. 
NMR time course 
1
H NMR data was collected on an VNMRS spectrometer (Agilent, Santa Clara, CA) with 
a spectrometer frequency of 749.38 MHz using a triax probe with Z-gradient capability.  The 
temperature was controlled and set to 25.0 °C.  The solvent used was water, so that the spectra 
would not be complicated by deuterium exchange between the analytes and deuterium oxide.  
The spectrometer was locked and lock z0 value was found using a sample tube containing only 
deuterium oxide prior the experiment.  During the experiment, the same z0 value was kept, and 
the sample was not locked and was shimmed on the proton signal.  The time course data (an 
array of proton spectra) was collected with presaturation on the water signal.  The array consisted 
of 10 time points.  The proton spectrum for each time point contained 128 scans and the array 
was set so that as soon as one time point was completed, the collection of the next set of 128 
scans would start.  For each proton spectrum, The number of data points was 16,384 (acquired 
size), the acquisition time 2.9098 s, the delay time 0 s and the spectral width 5630.6 Hz.  The 
receiver gain was 12. Each spectrum took about 22.74 min (pulse width + acquisition time)x128 
scans, and the total time course monitored was about 3.79 h. 
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Carbon-13 NMR data was also collected on the same sample in the spectrometer with a 
controlled temperature set to 25.0 °C.  Spectrometer frequency was 188.45 Hz.  The data 
consisted of 512 scans, 65,536 data points, the acquisition time was 1.4156 s, the delay time 1.0 s 
and the spectral width 46,296.3 Hz.  The receiver gain was 60.  In other experiments, carbon data 
was also collected on a Bruker (Billerica, MA) 500 MHz spectrometer equipped with a 
cryoprobe. 
NMR 2D and dimer isolation 
2D NMR data collected on a separate day with a fresh sample of 2AP in water.  The 
dimer was selected for characterization and isolated from the reaction mixture using solid phase 
extraction (SPE).  SPE Giga tubes containing Strata-X sorbent (polymeric C18) were obtained 
from Phenomenex (Torrance, CA).  The SPE cartridges were conditioned with methanol (4 mL), 
followed by equilibration with water (4 mL).  2AP in water (25 mg/mL) was applied to the 
cartridge after 10 min of reaction, when the dimer concentration reached a maximum.  The 
following wash and elution steps were followed:  wash/elute with water (5 mL), elute with 25% 
d3-methanol in water (1 mL), 50% d3-methanol in water (1 mL), 75% d3-methanol in water (1 
mL) and 100% d3-methanol (1 mL).  The eluent from the last step was composed of 
approximately 32.5% d3-methanol in water and contained over 90% dimer, based on the area 
percentages of known masses.  Dichloromethane (1%) was added as an internal standard.  HR-
MS was obtained on the NMR sample before and after NMR analysis to confirm that the dimer 
was stable.   All 2D spectra were collected on a triax probe with temperature control at 25.0 °C 
and a spectrometer frequency of 749.38 MHz.  Presaturation proton spectra was collected 
between each 2D spectra set.  2D NMR spectra were collected multiple times.  The following 
conditions are representative of the experiments, but the number of scans was increased or 
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decreased as needed and gain was adjusted based on signal intensity.  All pulse sequences were 











H gCOSY spectra consisted of 8 scans, a delay time of 1.0 sec and a spectral width 




C HSQC spectra parameters were as follows:  32 scans, 1.0 sec delay time, spectral 




H TOCSY spectra parameters were as follows:  32 scans, 1.5 sec delay time, spectral 




C HMBC spectra parameters were as follows:  64 scans, 1.0 sec delay time, spectral 




N HMBC spectra were as follows:  1024 scans, 1.0 sec delay time, spectral width 
6,377.6 Hz in f1 and 34,188.0 Hz in f2.  Receiver gain was 42. 
Deuterium exchange study 
The dimer isolated by SPE extraction was also used for the deuterium exchange study by 
HR-MS.  The dimer eluent (approximately 6 mg/mL in 32.5 % d3-methanol in water) was diluted 
1:100 in either water or deuterium oxide.  The samples were introduced to the Orbitrap by direct 
infusion with electrospray ionization.  Before running the sample of dimer in deuterium oxide, 
the syringe and tubing of the Orbitrap were flushed with deuterium oxide. 
Results and discussion 
There were numerous key learnings in this project before we were even able to collect 
useful data.  2AP rapidly turns red in methanol and it is a good solvent choice for HR-MS and 
NMR.  However, initial HR-MS studies failed to show any masses that clearly increased over 
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time.  Initial NMR studies in d4-methonal showed the formation of a new triplet, which was first 
thought to be a product from 2AP’s degration or polymerization.  However, this triplet failed to 
form when d3-methanol (D3COH) was used.  This led to the realization that the methyl in the 
acetyl group of 2AP undergoes keto-enol tautomerization and the new triplet was the result of 
the unique splitting pattern created by one deuterium on the methyl group of 2AP, because 
deuterium follows the splitting rule of 2n + 1.  A pentet was also observed due to the 
incorporation of two deuterium atoms into the methyl group. 
Water offers an environment similar to a simple food system and observable, 
reproducible structural changes of 2AP in water could be followed via HR-MS and NMR.  Using 
HR-MS, a 25 mg/mL 2AP solution in water showed a decline in 2AP peak area and an increase 
in the areas of larger masses within 5 min.  The early masses that formed have m/z 205.1338 and 
223.1444, which correspond to a protonated dehydrated dimer and protonated dimer of 2AP, 
respectively.  The formation of new, larger masses continued over time.  Within 6 h at this 
concentration, dehydrated dimers through hexamers of 2AP have formed.  Table 3-1 shows the 
exact masses of these products along with the chemical formula and corresponding mass 
accuracy.  These are exciting results because they provided solid support to Ron Buttery’s 
hypothesis that 2AP undergoes a polymerization process. 
The next step was to determine whether another analytical technique could corroborate 
these results.  Focusing on the same time scale of 2 h, we are able to see clear changes in NMR 
proton spectra, as shown in Figure 3-3.  Some significant changes were observed at 1.3, 2.1-2.3 
and 2.8-3.7 ppm.  From the carbon data, there is strong evidence that two carbonyl groups exist 
in the products from the signals at 181 and 199 ppm.  A possible quaternary carbon or double 
bond carbon of 103 ppm was also observed.  
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To gain further insights, the molecule d3-(Me)-2-acetyl-1-pyrroline was synthesized and 
its reaction in water was followed by HR-MS.  Exchange with water due to keto-enol 
tautomerization meant that it was more useful to study d3-(Me)-2-acetyl-1-pyrroline in deuterium 
oxide.  The results are shown in Table 3-2.  The data provide some interesting insights about the 
exchangeability in the products.  The table includes the predicted d3- analogue formula for the 
products.  For the 2AP isotope dimer, seven deuteriums are expected:  3 deuteriums each from 
the two molecules of 2AP that are being joined and one deuterium from the solvent to give the 
positive charge, i.e. to form an adduct observable by the mass spectrometer.  However, we see 
that the actual isotope dimer formula has eight deuterium atoms (C12H11
2
H8O2N2).  This 
additional unexpected deuterium gives a clue that the dimer product has a new exchangeable site.  
In order for a new exchange site, one or both 2AP rings must open when the dimer forms.  This 
information also tells us the dimer and trimer are actual rearrangement products, rather than a 
cluster of two 2AP molecules.  MS/MS of the dimer shows the loss of deuterium oxide.  
Interestingly, when the dehydrated dimer is fragmented by MS/MS, the loss of HOD is observed.  
This gives further evidence that at least one 2AP ring has opened, providing a way for a proton 
to be lost during fragmentation. 
To this point, all the data discussed have been on the 2AP reaction mixture.   2D NMR 
data was collected but little progress was made in the structural determination of the dimer.  This 
is because the dimer in the reaction mixture is too transient.  2D spectra must be collected over 
hours to obtain an adequate signal-to-noise ratio; however, the product mixture is changing over 
this time and the dimer is lost as the result of further polymerization.  As seen from Figure 3-4, 
the maximum amount of dimer exists 10 min after the 2AP begins to react.  Therefore, 
chromatographic separation of the dimer was necessary.  Solid phase extraction (SPE) was 
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chosen because the separation time is short and we were concerned about 2AP and its products 
continuing to react during separation.  A SPE separation protocol with eluent steps from pure 
water to pure methanol resulted in a dimer fraction that was over 90% dimer, based on the 
summed masses of 2AP and other polymeric species of 2AP listed in Table 3-1.  The separation 
protocol could be completed in 20 min, which limited problems from the reaction continuing to 
occur on the SPE cartridge.  The dimer was moderately stable, allowing the collection of useful 
2D spectra.  HR-MS data collected before and after NMR analysis indicated that the dimer was 
stable for over 24 h.  NMR proton (presaturation) data was always collected at the beginning and 
end of each 2D NMR experiment to ensure that the dimer remained the dominant compound in 
the solution. 
 After NMR analysis, we realized that the dominant species in the SPE fraction used for 
HR-MS and NMR was the hydrated dimer, as opposed to the expected dimer.  An intense signal 
was observed in the mass spectra at the m/z of 241.1544, which corresponds to the dimer’s mass 
with the addition of a water molecule (-1.199 ppm).  Based on ion abundances from HR-MS, the 
hydrated dimer is present at approximately 2.6 times the amount of the dimer.  Therefore, the 
dominant NMR signals belong to the hydrated dimer, and the spectra exhibit a set of lower 
intensity signals that likely belong to the dimer itself.  The proposed structure of a hydrated form 
of the dimer is shown in Figure 3-5.  Possible structures for the dimer (223.1447) are still being 
vetted.    Table 3-3 summarizes the chemical shifts, multiplicity and cross peaks in 2D NMR that 
were used to reach the hydrated dimer structure.  Based on TOCSY and COSY, three spin 
systems were found in the structure.  The methyl at 1.29 ppm is attached to a carbon with a 
single proton at 3.9 ppm.  The proton NMR shows that this methyl at 1.29 ppm is a doublet, 
which is characteristic of a methyl adjacent to a proton.  The second spin system links the 
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methylene at 3.0 and 3.03 ppm, a symmetrical multiplet, with the methylene at 2.48 ppm.  The 
final spin system connects three methylenes:  the methylene at 1.82 and 1.86 is between the 
methylene pair at 3.42 and 3.61 ppm and the methylene at 2.16 ppm.  Another notable site on the 
molecule is the carbon with the chemical shift of 103 ppm, which is a quaternary carbon, as no 
attached proton was observed in HSQC spectra.  This relatively large quaternary carbon 





HMBC shows connectivity between the 103 ppm carbon with the singlet methyl at 2.22 ppm and 
with the two methylene spin system (2.48 ppm and 2.98 and 3.01 ppm methylenes). 
 The use of selective carbon-13 labeling on 2AP was also crucial in deducing this 
structure.  2AP was carbon-13 labeled on its acetyl group, as shown in Figure 3-1(c).  By running 
both carbon-13 coupled and decoupled proton spectra, it was clear that both methyls and their 
adjacent carbons were labeled in the hydrated dimer.    As shown in Table 3-3, the proton-carbon 
coupling constants across one bond are large and distinctive (~ 140 Hz).  The one bond carbon-
carbon coupling constant is also distinctive (~ 50 Hz) which provided the evidence that the 
methyl at 2.24 ppm is attached to the sp
2
 carbon of 178.1 ppm, for example. Therefore, it is 
straightforward to assign the position of the carbon-13 labeled atoms in the hydrated dimer, and 
crucial for the structure determination. 
 A deuterium exchange experiment was useful for determining the number of 
exchangeable protons on the hydrated dimer.  In Figure 3-6(a), the m/z 241.15438 corresponds to 
the hydrated dimer with the chemical formula of C12H21O3N2 with a mass accuracy of -1.199 
ppm.  Based on the structure in Figure 3-5, three exchangeable protons are expected:  the two 
amino protons and the carboxylic acid proton.  In Figure 3-6(b), the hydrated dimer is in a 





H4O3N2 with a mass accuracy of -1.003 ppm.  This formula indicates that the charge is 
now given by deuteration, rather than protonation, and three protons have been exchanged for 
deuteriums.  This experiment supports the proposed structure in Figure 3-5.   
The unexpected information from the mass spectra in Figure 3-6 is that the dimer, 
223.14394 in water [Figure 3-6(a)] and 224.15032 in deuterium oxide [Figure 3-6(b)] does not 
undergo any exchange.  These masses correspond to the formulas C12H19O2N2 with a mass 
accuracy -0.737 ppm and C6H18
2
HO2N2 with a mass accuracy -0.273 ppm.  The change in mass 
corresponds to the switch from protonation to deuteration during the electrospray ionization 
process.   
The hydrated 2AP dimer is not observed by HR-MS during a time course study.  Yet, the 
hydrated dimer is the dominant species when the dimer is isolated by SPE and observed by both 
NMR and HR-MS.  There are two likely explanations.  First, the hydrated dimer may be the 
equilibrium favored form of the dimer.  In the reaction mixture, the amount of hydrated dimer is 
negligible and, at equilibrium, the amount of dimer is negligible.  When the dimer exists as part 
of a reaction mixture with an excess of 2AP, the dimer is a transient species, quickly reacting to 
form the timer.  Alternatively, the hydrated dimer may be the result of the dimer reacting with 
water on the solid phase extraction cartridge.  
 A possible mechanism for the hydrated dimer’s formation is shown in Figure 3-7.  Figure 
3-7(a) shows the mechanism for 2AP ring opening.  As discussed earlier in the HR-MS study 
with d3-(Me)-2AP, 2AP must be involved in a ring opening mechanism because of the 
incorporation of an additional deuterium from the solvent.  In Figure 3-7(b), one open ring of 
2AP undergoes enolization and then this enolate attacks the carbonyl carbon in position two of 
the second open chain of 2AP.  A series of intramolecular reactions and rearrangements occur, as 
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depicted in Figure 3-7(b), to produce a hydroxypyrrole product.  The hydroxypyrrole is an enol 
and is in equilibrium with its keto tautomer.  According to the kinetic studies of Capon and 
Kwok, the keto form of 3-hydroxypyrrole is heavily favored in water
19
.  They also investigated 
the solvent effect on the equilibrium between the keto and enol forms.  The equilibrium favors 
the enol in acetonitrile and the enol is essentially the exclusive tautomer in DMSO
19
.  Although 
the substituents on the proposed 3-hydroxypyrrole product likely affect the equilibrium between 
the forms, we have strong rationale to expect the keto form to be dominant.  Removing water in 
solution from the dimer/hydrated dimer is non-trival because the dimer can also be evaporated by 
freeze drying.  However, isolating the hydrated dimer from water and collecting its spectra in 
DMSO would be an excellent next step to further validate the structure and explore the 
equilibrium between its tautomers. 
This is the first work to provide analytical data to support the polymerization of 2AP.  
Buttery was correct that 2AP undergoes polymerization; however, 2AP’s polymerization does 
not produce a conjugated pyrroline polymer as he hypothesized
1
.  Buttery’s proposal was for a 
regularly repeating chain that would contain no carbonyls (except at one terminal end) and only 
one type of methyl group, as shown in Figure 3-2.  Also, his structure would not involve the 
pyrroline ring opening.  2D NMR, deuterium and carbon-13 labeling experiments by HR-MS 
and NMR, and HR-MS deuterium exchange experiments support the currently proposed 
structure for the 2AP hydrated dimer.  Isolating the dimer and hydrated dimer by SPE was 
critical to completing these experiments.   HR-MS demonstrates that 2AP forms polymers of at 
least six 2AP units, accompanied by the loss of water.  The hydrated dimer contains a 5-




This chapter is being prepared for journal submission. 
The co-authors will be Dr. Lingyang Zhu and Dr. Yan Choi Lam, with Dr. Keith Cadwallader as 
the corresponding author.  Dr. Zhu guided the NMR data acquisition and was the key contributor 
to the structural elucidation of the hydrated dimer.  Dr. Lam determined the mechanisms.   
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Tables and Figures 
 
Table 3-1 2AP product masses with chemical formula assignment and qualitative description 
General name 
Chemical formula 
(protonated) Exact mass 
Mass accuracy, 
ppm 
2AP C6H10NO 112.0760 2.762 
dimer C12H19O2N2 223.1447 2.669 
trimer C18H28O3N3 334.2131 1.741 
singly dehydrated     
dehydrated dimer C12H17ON2 205.1341 2.731 
dehydrated trimer C18H26O2N3 316.2026 2.044 
dehydrated tetramer C24H35O3N4 427.2710 1.480 
doubly dehydrated    
doubly dehydrated 
tetramer C24H33O2N4 409.2605 1.704 
doubly dehydrated 
pentamer C30H42O3N5 520.3287 0.929 
doubly dehydrated 
hexamer C36H51O4N6 631.3980 2.169 
triply dehydrated    
triply dehydrated 
pentamer C30H40O2N5 502.3179 0.494 
triply dehydrated 
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H8O2N2 231.1942 -0.512 






H12O3N3 346.28784 -1.413 
2 D exchanged 





H11O3N3Na 367.26306 -1.218 
2 D exchanged 
for 2 H 
dehydrated products 





H6ON2 211.17116 -0.190 







H10O2N3Na 348.24626 -1.165 
2 D exchanged 






H14O3N4 441.35799 -0.571 
3 D exchanged 





































1  Carbonyl 
(C=O) 
- 199.2 - - - - 2.48, 1.28  
2  Tertiary 
carbon 
(CH) 
3.91 (d) 63.4 Y (~143 Hz) 1.28 1.28, 2.24 63.5 1.28, 3.63  
3  Methyl 
(CH3) 
1.28 (d) 14.3 Y (130, 4.5 
Hz) 









- 178.1 - - - - 2.22, 2.48, 
3.43, 363 
 
5  Methyl 
(CH3) 
2.24 (d) 12.4 Y (large J, 
small J) 







- 103.9 - 
 
- - - 2.22, 2.48, 
2.98, 3.00 
 
7  Methylene 
(CH2) 
2.48 (t) 20.2 
 
Y (4.3 Hz) 3.00 2.97, 3.01 20.2 2.97, 3.01 Y 
8  Methylene 
(CH2) 
3.00, 3.03 (m) 39.4 
 
N 2.48 2.48 39.5 2.48  






N - 3.64, 3.45, 
1.81, 1.85 







1.82 (dq), 1.86 
(m) 
25.6 N - 3.63, 3.42, 
2.16 
25.7 2.13, 3.63  
11  Methylene 
(CH2) 
2.16 (t) 34.4 N - 1.80, 1.84 34.8 1.79, 1.84, 
3.42, 3.65 
 
12  Carbonyl 
(C=O) 




 Numbers correspond to the atom labels in Figure 3-5.  
b
The correlations are given for the protons on carbon n, where n corresponds to the carbon 
number in column 1 of the table and the atom labels in Figure 3-5.  
c
The correlation is given for carbon n.  
d
Correlations













Figure 3-2 Polymerization mechanism proposed for 2-acetyl-1-pyrroline by Buttery’s group in 





Figure 3-3 Proton NMR spectra for 2AP loss in water at time zero and 2 h 
2AP 2AP isomer 
Time zero 













Figure 3-5 Structure of the proposed hydrated dimer.  The atom labels correspond to the 











Figure 3-7a Proposed mechanism for the hydrolysis of 2AP into an open ring
a 
a
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CHAPTER 4:  STARCH-FLAVOR COMPLEXATION APPLIED TO 
2-ACETYL-1-PYRROLINE 
ABSTRACT:  2-Acetyl-1-pyrroline (2AP) is an important aroma compound that is present 
naturally in many foods.  However, despite its pleasant a popcorn-like aroma, 2AP’s commercial 
use is restricted due to its highly unstable chemical nature.  In this work, we evaluate the ability 
of high amylose corn starch to complex and stabilize 2AP after optimizing the methodology for 
the model compounds, 2-acetylpyridine and 2-acetyl-2-thiazoline.  Starch, particularly amylose, 
is known to form inclusion complexes with flavor compounds and other small molecules.  
Complexes were characterized using x-ray diffraction, gas chromatographic analysis and 
differential scanning calorimetry.  Loadings of up to 0.504 (±0.071) % 2AP were achieved and 
storage studies showed over half of the flavor was retained after two weeks at 0% relatively 
humidity.  To our knowledge this is the first demonstration that 2AP can form amylose inclusion 
complexes and may lead to a method to effectively stabilize this aroma compound. 
Key words:  2-acetyl-1-pyrroline, 2-acetylpyridine, 2-acetyl-2-thiazoline, starch, complexation, 
stabilization, x-ray diffraction, differential scanning calorimetry, amylose inclusion complex 
Introduction 
Starch, an abundant agricultural commodity, exists as discrete granules and is found in a 
variety of plants.  The starch granules consist mainly of two polysaccharides based on glucose, 
amylose and amylopectin.  Amylose is essentially a linear polymer consisting of -1,4-linked 
glucose units while amylopectin is a branched macromolecule having -1,6-branching points in 
addition to the -1,4-linked glucose units.  Starch is commonly used to complex or encapsulate 






.  Amylose is the primary 
component participating in complexation of small molecules and can be found as amorphous and 
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crystalline allomorphs, termed A, B, C, and V
9–11
.  The A- and B-types are the two main 
allomorphic types found in native starch granules and are composed of amylose double helices 
differing in the packing of these double helices within a unit cell, while the C-type, is a mixture 
of the A- and B-types.  The V-type is unique as it is a single left-handed α-helix and only occurs 
in the presence of a ligand. The ligand induces a conformational change in the polymeric 




The formation and chemical structure concerning the double helical A- and B-type and α-
helical V-type have been extensively characterized in the literature
10–12
.  The Vh crystal has a 
hydrophobic core, that can accommodate a small molecule, and hydrophilic exterior, which in 
contrast to the A-type crystal, has hydrophobic and hydrophilic regions over very small distances 
and no interstitial space between the intertwined amylose polymers
12
.  Further, the diameter of 
the Vh core is larger than the double helices, which is why only the Vh crystal can house 
molecules within its core
12
.  The size of the Vh crystal can also vary based on the size of the 
molecules inducing its creation, as well as the amount of water present
3,13
.  Six to eight glucose 
molecules can make one rotation of the helix
3
.  Additionally, some molecules may also occupy 
the interstitial space between coils of the helix, such as in the V6II and V6III crystals.  Some of the 
larger molecules (V6II, V6III, V7) can undergo dehydration to form the V6 crystal
3,14,15
.  For this 
reason, some scientists consider only the V6 and V8 to truly exist because the V7 complex can be 
converted to the Vh (V6 hydrated) crystal.  The V7 complex is likely the result of molecules being 
predominantly situated between coils of the helix
3,15
. 
The macrostructure of the α-helix also plays a role in the complex’s observed behavior.  The 
starch may stack on itself to form layers or lamella.  The temperature used for complex 
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formation, in addition to the chemical nature of the core material, are the main factors which 
determine the complex’s macrostructure, with higher complexation temperatures leading to the 
formation of more lamella and increased thermal stability
2
. 
The common tools for characterizing starch complexes include powder x-ray diffraction 
(PXRD)
16–18




 and circular dichroism 
(CD)
19,20
.  In this work, characterization was accomplished with PXRD and DSC, with GC-FID 
or GC-MS used to determine the amount of flavor complexed per gram of starch.  With respect 
to PXRD, the characteristic Bragg angles for the Vh form are 2θ = 7.4°, 12.9° and 19.8°
16
.  The 
A-type crystal is characterized by 2θ = 9.5°, 11.1°, 15°, 17°, 18° and 23°
17
, whereas the B-type 
crystal has its main diffraction peaks at 2θ = 5.6°, 15°, 17°, 22° and 24°
18
.  Additionally, DSC 
can provide a significant amount of information about the starch complexes.  The flavor 
complexes recorded in the literature have a characteristic melting temperature in the range 90-
110 °C6.   
Researchers categorize the starch complexes into type I, IIa and IIb, indicative of the extent 
of lamella formation
2,3,21,22
.  The type I complex lacks long range lamellar structure.  Type IIa 
and IIb complexes have increasing lamellar structure and higher melting temperatures
3
.  
Interestingly, the papers that discuss type I and II complexes all evaluate lipids and fatty acids.  
Therefore, it is unclear whether flavor-starch complexes can also exist in these different types.  
Another fascinating aspect of starch complexes is that they are thermally reversible, also 
observed by DSC
15
.  In some cases, it is even possible to promote the transition of the complex 
into a more stable form through annealing
2
.  
Starch complexes can only form after the original starch crystalline structure has been 
broken.  Gelatinization is a common procedure to accomplish this and was employed in the 
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current work.  Heat with a dimethyl sulfoxide/water solution or treatment with potassium 
hydroxide followed by acidification can also be used to make starch complexes
16
.  For loading 
determination by GC, high temperatures in the presence of water are also required in order to 
break the complex. 
Starch complexation was studied with the goal that this method could be applied to 2-acetyl-
1-pyrroline (2AP).  2-Acetyl-1-pyrroline (2AP) is a potent aroma compound with a popcorn-like 
aroma and low odor threshold of 0.1 ppb
23
.  Due to its formation both biologically and via the 
Maillard reaction, 2AP is important in rice, the bread flower, Pandan leaves, popcorn, 
crustaceans, roasted nuts and many other foods
24
.  However, because 2AP is highly unstable, 
widespread commercial use has been hindered.  Upon standing at ambient temperature, 2AP 
immediately begins to react, which is accompanied by the loss of aroma.  The interest in solving 
this problem is evidenced by the fact that 8 of 9 U.S. patents on 2AP propose stabilization 
strategies
25–33
.   
The instability of 2AP is greatly affected by its matrix.  In fresh cooked foods, such as bread 
and popcorn, the level of 2AP will decline rapidly over a period of hours or days
34,35
.  In 
contrast, raw rice shows a much slower decline in 2AP levels – on the order of months
36
.  In 
bread, popcorn and raw rice, the main constituent of the food is starch; however, the state of the 
starch differs in these food items.  Uncooked rice contains ungelatinized starch and we 
hypothesize that this starch helps to stabilize 2AP in rice.  The literature provides evidence to 
support this, particularly from the work of Yoshihashi et al.
37
  These researchers found that 
higher levels of 2AP were extracted from rice at 70 °C compared to 45 °C, with 70 °C above the 
gelatinization temperature of starch (63.7 °C)37.  Further, they found that the optimal extraction 
temperature of 2AP from milled rice occurred at 75 °C, whereas the ideal extraction temperature 
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of 2AP from seedlings or callus was at room temperature
37
.  Therefore, the presence of starch 
increases the temperature needed to fully extract 2AP, which supports starch (amylose) forming 
an inclusion complex with 2AP.  Then, after cooking rice, the starch complex is broken, 
generating free 2AP that can easily be loss through volatization or reaction.   
The creation of starch complexes to afford stability has been demonstrated with β-
carotene.  A co-complex of β-carotene and surfactant showed increased stability compared to 
physical mixtures of starch, β-carotene and surfactant
38
.  Although 2AP-starch complexes have 
not been created in the lab before, 2AP inclusion complexes have been made with β-
cyclodextrin, which is a 7-membered ring of glucose.  Therefore, β-cyclodextrin mimics one coil 
of an amylose α-helix.   At 1% loading of 2AP into β-cyclodextrin and storage at 20 °C, 99% 
decomposition of 2AP occurred after 110 days of storage; however, 10% and 0% decomposition 
occurred when the storage temperature was 4 or -20 °C, respectively
29
.   Based on the 
improvement observed with β-cyclodextrin inclusion complexation of 2AP, starch inclusion 
complexes are promising because they offer a longer cavity for 2AP to reside in with protection 
from water.  The additional advantage of this method is that it mimics the process used in nature 
to stabilize 2AP.  
The goal of this work was to develop methodology for the formation of 2AP-starch 
complexes and then demonstrate their potential through storage studies.  To achieve this end, we 
began with a stable structural analogue of 2AP for method development, which offered several 
advantages.  2AP is not commonly available on the market; thus, a lengthy synthesis is required 
to make 2AP and the overall yield is low
39
.  Using a commercially available standard streamlined 
method development by reducing the time required for synthesis.  Additionally, a stable model 
makes it easier to evaluate the reproducibility of the method.     2-Acetylpyridine was selected as 
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a stable model and after demonstrating that 2-acetylpyridine complexes can from, we sought to 
reduce the complexation time in preparation of making 2AP-complexes.  The methodology was 
then successfully applied to 2-acetyl-2-thiazoline.  Despite its instability, 2-acetyl-2-thiazoline is 
commercially available, which allowed us to evaluate the method before using our limited supply 
of 2AP.  The work concludes with a short term storage stability experiment on the 2AP-starch 
complex. 
Materials and Methods 
Chemicals 
2-Acetylpyridine (2APy), 2-acetyl-2-thiazoline and phosphorus pentoxide were obtained 
from Sigma-Aldrich (St. Louis, MO).  2-Acetyl-2-thiazoline was purified by high vacuum 
distillation immediately prior to use.  2-Acetyl-1-pyrroline (2AP) was synthesized as described 
by DeKimpe et al.
39
. 
Starch preparation  using the autoclave 
The initial approach for starch complexation was based on the method of Rodriguez and 
Bernik
6
.  Hylon VII (Ingredion, Bridgewater, NJ), 70% apparent amylose, was weighed [0.30 g, 
dry weight basis (dwb)] into a high pressure tube and then dispersed in deionized distilled water 
(50.3 mL).  After sealing the tube, the starch slurry was autoclaved for 90 min at 130 °C.  After 
transferring the mixture to an Erlenmeyer flask and cooling to a desired temperature between 50-
80 °C, 2APy (0.4 g dissolved in 1 mL EtOH) was slowly added and shaken gently.  This was 
followed by the addition of salt [0.1-20% (w/v) NaCl].  After dissolving the salt, the mixture was 
allowed to rest at room temperature for 24 h.  Following the rest period the starch complex was 
isolated by centrifugation (approx 2594 rpm, 1406g) (Damon IEC HN-SII, International 
Equipment Company, Needham Heights, MA), washed with water, centrifuged again and the 
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isolated  pellet was freeze dried.  Solid samples were stored in airtight glass vials at ambient 
conditions. 
Starch preparation by jet cooking 
 In later studies, we used Hylon VII that had been jet cooked by the method of Kenar et 
al
4
.  The jet cooked starch slurry was immediately freeze dried and ground.  Then, small portions 
of precooked Hylon VII were used after reheating the starch in water at the desired complexation 
temperature. 
Precooked Hylon VII (0.062 g, dwb) was weighed into a 50-mL Erlenmeyer flask equipped 
with a stir bar and dispersed in deionized distilled water (10.0 mL).  The flask was covered with 
aluminum foil and heated to 80 °C in a water bath, with stirring. After the reaching temperature, 
2AP (240 mg) was slowly added using acetone (0.5 mL) to rinse any remaining 2AP from the 
vial.  Then 1% sodium chloride (100 mg) was added and the flask and gently shaken until the 
salt had dissolved.  Acetone (40%, 6.3 mL) and/or an ultrasonic probe (20 min with 10 sec on, 10 
sec off cycles) (Sonics vibra-cell VC-500, Newtown, CT) was used to promote complexation.  
The mixture was centrifuged (approx 2594 rpm, 1406g), the pellet washed with water, 
centrifuged again, the pellet isolated and freeze dried (Labconco FreeZone 6, Kansas City, MO) 
for 48 h.  Solid samples were stored in airtight glass vials at ambient conditions. 
Loading determination by GC-FID/GC-MS 
The freeze dried starch complex was either used as is or ground into a powder with mortar & 
pestle.  The surface oil/flavor and total oil/flavor were determined and the difference between the 
two was used to give the loading.  The procedure below pertains to 2AP-starch complexes.   
Surface oil determination:  The complex (10-15 mg) was weighed into a 20-mL headspace 
vial.  Then, 900 µL of dichloromethane (DCM) was added and the mixture spiked with 15 µL of 
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a solution containing 3.33 mg/mL 2-
13
C2-acetyl-1-pyrroline in ether (roughly 50 µg isotope).  
The vial was sealed with a PTFE lined screw cap.  The vial was vortexed and shaken to ensure 
that all the complex was mixed with solvent.  The sample was filtered through a pipet with 50 +/- 
1 mg of silica gel into a 2-mL vial.  After the sample had eluted through the silica gel, 0.5 mL of 
diethyl ether was added to elute the flavor.  Two µL were injected onto the GC to measure the 
amount of surface oil. 
Total flavor content:  The complex (10-15 mg) was weighed into a 20-mL headspace vial.   
Then, 900 µL of DCM was added and spiked with 15 µL of 2-
13
C2-acetyl-1-pyrroline solution 
(roughly 50 µg isotope).  Next, 90 µL water was added, which was essential for breaking the 
complex.  The vial was sealed with a PTFE lined screw cap and vortexed to disperse.  The 
sample was incubated for 50 min at 85 +/- 2 °C in a water bath.  Samples were removed from the 
water bath and allowed to cool to room temperature.  The samples were filtered through a silica 
gel column (50 +/- 1 mg) and then target compounds were eluted with 0.5 mL diethyl ether.  
Two uL were injected hot split 10:1 into the GC-MS. 
GC-MS conditions:  An Agilent (Santa Clara, CA) 6890 gas chromatograph coupled with a 
5973 mass selective detector was used for quantitation.  Separation was achieved with an 
Omegawax 250 column (30 m x 250 µm x 0.25 µm, Supelco) The inlet temperature was set at 
250 °C and the oven program was as follows:  40 °C initial temperature with a 5 min hold, ramp 
from 40 °C to 225 °C at 10 °C per min, and held at the final temperature of 225 °C for 10 min 
(total run time 33.5 min).  The MS was operated in dual scan/SIM mode, with the ion source set 
at 230 °C.  For the scan mode, ions from m/z 33-300 were monitored and in SIM mode, the ions 
111 and 113 monitored with 50 msec dwell time.  The ratio of the ions was used for quantitation. 
Flavor loading = total flavor content – surface oil 
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 In the case of 2APy and 2-acetyl-1-thiazoline, the internal standard used was 2-acetyl-6-
methylpyridine.  For 2APy, a recovery factor was used to improve quantitation.  The recovery 
factor was determined by spiking a known amount of 2APy into Hylon VII with DCM and 
water, performing the incubation and filtration described above and comparing the calculated 
2APy present from the internal standard with the known amount of 2APy that was spiked.  2-
Acetyl-6-methylpyridine was also used for semi-quantitation for proof-of-concept storage 
evaluations with 2-acetyl-1-thiazoline- and 2AP-starch complexes. 
Determination of the crystalline structure by powder x-ray diffraction 
Powder x-ray diffraction (PXRD) experiments were performed in the University of Illinois at 
Urbana-Champaign School of Chemical Sciences George L. Clark X-Ray Facility & 3M 
Materials Laboratory using a Rigaku MiniFlex 600 (The Woodlands, TX). The Cu x-ray tube (λ 
= 1.54178 Å) was operated at a power of 600W (40kV). Data was collected between the 2θ 
range of 3-40°, with a 1.25 s dwell time in steps of 0.02°. Other settings were as follows: Soller 
(inc.): 5.0 °; IHS: 10.0 mm; DS: 1.250 °; SS: 1.250 °; Soller (rec): 5.0 °; RS: 0.3 mm; Filter: K-
beta (x1); Monochromator:  none. 
Determination of the thermal properties by differential scanning calorimetry 
Thermal properties of the flavor-starch complexes were determined using a TA Instruments 
Q2000 DSC (New Castle, DE) following a procedure adapted from Kenar et al.
4
.  The freeze 
dried samples were weighed into high volume pans (100 µL, TA Instruments, part no 
900825.902) and diluted with water to obtain 75-80% (w/v) final moisture content.  Pans were 
hermetically sealed and allowed to equilibrate for at least 4 h before analysis.  The DSC was 
calibrated with indium and samples were run against a reference pan containing water.  The 
heating program was as follows:  equilibrate at -55 °C, ramp 5 °C/min to 160 °C, isothermal for 
67 
 
1 min, ramp at 5 °C/min to -30 °C, isothermal for 1 min, and then reheat at 5 °C/min to 205 °C.  
Hold isothermal for 1 min, and then complete one more cycle, cooling at 5 °C/min to -30 °C, 
isothermal for 1 min and finally ramp at 5 °C/min to 160 °C 
4
.  
Results and Discussion 
Several parameters were examined and optimized before complexing 2AP, specifically, 
sodium chloride level, temperature for addition of flavor compound, the flavor compound to 
starch ratio, and gelatinization method.  Later, the influence of sonication and the addition of 
solvents such as ethanol and acetone were examined in an effort to reduce complexation times.  
The level of sodium chloride was the first parameter optimized.  The addition of salt was 
found to improve the formation of starch complexes with 2APy and previous published methods 
have not used salt before.  The rationale for using salt was to increase the polarity of the aqueous 
solution (as in solvent extraction) and encourage moderately water soluble compounds to have 
increased affinity for the hydrophobic core of the amylose complex.  2APy is also a small 
compound with a two carbon branch – the acetyl group - which may also make it less suitable for 
complexation.  The impact of chain length on the starch inclusion complexation of small 
molecules was observed for a homologous series of γ- and δ-lactones, with lactones containing 
shorter chains, such as γ-heptalactone, showing little complexing ability
8
.  The current work’s 
data suggest that salt can sufficiently modify the solution’s environment to aid the complexation 
of small molecules. 
The sodium chloride levels explored were 0, 0.1, 0.5, 1, 3, 5, 10 and 20%.  When no salt 
was added in the presence of flavor compound, the amylose exhibited a x-ray diffraction pattern 
consistent with a double helix, B-type pattern characterized by Bragg diffraction angles at 17° 
and 22°, as seen in Figure 4-1.  The double helix cavity is too small to hold a small molecule in 
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its core, which means that no flavor could be complexed within the helical structure.  When 
0.1% salt was added, the x-ray diffraction pattern exhibited peaks corresponding to both the Vh 
α-helix and the B-type double helix.  The presence of peaks at the Bragg angles (2) of 7.78 °, 
12.82 ° and 19.98 ° in the diffraction spectrum when 0.1% NaCl was introduced suggests that 
some flavor compound may have complexed.  However, it should also be possible to induce 
more Vh crystallization by further increasing the salt concentration.  At the 0.5% salt level, 
amylose preferentially forms the Vh crystal, with diffraction angles at 7.78 ° (very weak), 12.82 ° 
(medium) and 19.98 ° (strong).  These angles correspond to D spacings of 11.36, 6.9 and 4.44 Å, 
calculated according to Bragg’s law and agree with the D spacings for the Vh crystal reported by 
Zobel et al.
40
  Our D spacing of 11.36 Å is low compared to Zobel et al.’s observed value of 
11.85 Å, which is likely the result of the Bragg angle of 7.78 ° being both weak and broad.  The 
Vh crystal is also observed at all sodium chloride levels evaluated above 1% (3, 5, 10 and 20%).  
The 1% salt level was adopted for the complexation protocol because the 1% salt level also helps 
with the separation of the starch complex pellet from the supernatant during work-up and 
isolation.  Salt levels above 1% offer no further benefits. 
Since the addition of salt was important for complex formation in the case of 2APy, we 
then needed to run controls to determine whether the sodium chloride itself was incorporated into 
the complex.  First, we determined the native crystalline structure of the starch from the 
manufacturer.  Figure 4-2(a) shows that the native starch exhibits diffraction angles at 14.8°, 
17.1°and 21.7° which is consistent with the B-type double helix.  Next, we needed to determine 
the conditions under which the Vh complex forms.  The starch was prepared according to the 
method for flavor-starch complexation except the flavor was omitted.  Therefore, the native 
starch was autoclaved and salt added.  The resulting crystalline pattern was characteristic of an 
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α-helix [Figure 4-2(b)].  This was surprising, as salt would not be expected to enter a 
hydrophobic core.  However, previous researchers have noted that starch contains a low level of 
native lipid and we suspected that the observed complex was induced by the presence of native 
lipid rather than the salt.    Thus, we performed two more complementary experiments.  In one 
experiment native starch was autoclaved and the salt was omitted.  In the second experiment, we 
autoclaved defatted high amylose corn starch and added the salt as before.  These experiments 
were both aimed at determining the role of the native lipid.  After autoclaving the native lipid-
containing starch without added NaCl, the x-ray powder diffractogram exhibited the V-amylose 
peaks, with maxima at 13.2° and 19.7° suggesting the native lipid induced complex formation 
[Figure 4-2(c)].  In contrast, the autoclaved defatted starch with added salt exhibited an 
amorphous pattern with residual peaks from sodium chloride [Figure 4-2(d)].   The theoretical 
powder pattern for sodium chloride was generated using the coordinates in the cif file 
downloaded from the FIZ Karlsruhe – Leibniz Institute for Information Infrastructure Inorganic 
Crystal Structure Database (ICSD), entry code 181148. 
Therefore, we confidently concluded that sodium chloride does not form starch 
complexes.  Another important implication of these experiments is that PXRD is a non-
conclusive tool for the determination of flavor-starch complexes when native lipid is present. 
These findings encouraged us to consider whether native or defatted starch should be 
used for further trials.  Research by Tapanapunnitikul et al.
7
 compared flavor compound loadings 
in starch complexes in the presence and absence of native lipids.  In the presence of the native 
lipids, higher yields of flavor-starch complexes were obtained compared to flavor-starch 
complexes made with defatted starch
7
.  Also, the loading of the flavor compound into the 
complex was often higher when the flavor was complexed in the presence native lipids, 
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particularly for less water soluble compounds
7
.  Therefore, we elected to use starch containing 
the natural lipids. 
Now that it was clear that 2APy-starch complexes form, methodology was optimized for 
2APy loading.  The temperature at which 2APy was added to the starch was examined to see 
how it influenced complex formation. After the starch was gelatinized at 130 °C, by the 
autoclave method, it was allowed to cool to 50°C before adding the flavor compound, based on 
the method by Rodriguez and Bernik
6
.  Because flavor compounds are typically quite volatile, 
their complexation at low temperatures would be preferable to avoid potential loss of 2APy 
during amylose complexation at higher temperatures.  Yet, it is also important that the amylose is 
accessible to flavor compounds, which can then induce the amylose to form an inclusion 
complex.  The work of Marinopoulou et al. shows that starch-fatty complexes form at 
temperatures as low as 30 °C; however, higher complexation temperatures lead to higher levels 
of crystallinity
41
.  Accordingly, to determine the best temperature to load 2APy, temperatures 
from 40-80 °C were evaluated in 10 degree increments.  The results, shown in Table 4-1, 
demonstrated that as the temperature at which the 2APy was added increased the amount of 
complexed 2APy increased. The maximum amount of 2APy complexed was at 80 °C.  
Furthermore, the ratio of flavor to starch was evaluated, which is shown in Table 4-2.  A 
large excess of flavor is desirable to get maximum loading.  To recover excess flavor material, it 
is possible to extract the supernatant with diethyl ether after removing the starch complex pellet.  
This approach was taken with 2AP. 
It was advantageous to use precooked starch that had undergone gelatinization by jet 
cooking as opposed to autoclaving.  Jet cooking more effectively breaks apart the starch granule, 
which was determined by comparing the starch granules of jet cooked and autoclaved starch by 
71 
 
microscopy both with and without iodine staining.  After autoclaving, some intact starch 
granules remained; in contrast, the jet cooked starch granules consisted of small and fairly 
uniform fragments.   The flavor loading was increased by using precooked starch.  For example, 
when 2.4 g of 2APy was added to equal portions of starch (0.93 g, dwb) at 80 °C, the 
precooked/jet cooked starch had 1.07 ± 0.07 % loading compared to 0.851 ±0.070 % loading 
when using autoclaved starch.  Even more notably, the yield increases by 3 fold when using 
precooked starch, with yields of 24.0 ± 0.2 % and 8.15% for the precooked and autoclaved starch 
complexes, respectively. 
The majority of starch complexation procedures in the literature allow 24 h for the 
complex to form.  Furthermore, the complexation protocols are water-based.  Water is necessary 
as part of the gelatinization process, causing the starch granule to swell with water and 
eventually burst, releasing amylose and making it available for complex formation.  When 
working with 2AP, this methodology presents a significant problem because 2AP is highly 
unstable in water, based on our observations both during the final step of 2AP synthesis and 
aqueous stability studies.  Water cannot be avoided for starch complexation, but the amount of 
time 2AP is in contact with water can be reduced.  Therefore, the methodology was modified to 
decrease the complexation time to under 1 h.  The techniques explored to decrease complexation 
time were sonication and the addition of organic solvent, inspired by the work of Hasanvand et 
al.
5
 and Zomer et al.
42
 (patent expired), respectively.  Sonication or the addition of solvent (either 
ethanol or acetone) improved 2APy loading compared to a control, which was allowed to rest for 
20 min at room temperature.  
The DSC thermal profiles of the 2APy-starch complexes formed by the standard 24 h rest 
period and with the addition of ethanol and sonication are shown in Figure 4-3.  The first heating 
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cycle of each thermogram is displayed.  The endothermic peak in each of these thermograms 
shows the melting range for the 2APy-starch complex and reflects the impact of the conditions 
used to form the complex.  Subsequent cooling and heating cycles in the thermograms (not 
shown) demonstrated that the 2APy-starch inclusion complexes could be reformed.  The 
complex formed during a 24 h rest period [Figure 4-3(a)] shows a more homogeneous melting 
range than the two samples made quickly, although the thermal profile is still very broad, 
spanning nearly 40 °C.  Figure 4-3(b) and 4-3(c) show the melting profiles for the 2APy-starch 
complexes formed in 20 minutes with ethanol alone or ethanol and sonication, respectively.  In 
the case of the latter two samples, the complex’s melting began as low as 50-55 °C and 
continued up until 120 °C.  Also noteworthy is the fact that there are 3-4 broad, overlapping 
melting ranges for the samples formed with ethanol and sonication.  This huge melting range can 
be explained by the fact that three different compounds are likely complexing:  2APy, the native 
lipid and ethanol.  Ethanol was previously reported
13
 to form starch complexes.  However, based 
on Figure 4-4, acetone does not form a starch complex, rather the starch appears to be a mixture 
of amorphous and B-type crystal, the later due to the Bragg angle maxima at 17.0° and 22.1°.  
Therefore, using ethanol to promote complexation has the disadvantage of incorporating ethanol 
into the complex.  All three core materials may be homogenously mixed within the amylose core 
or they may partially segregate themselves, the latter of which would explain why there are 
multiple endothermic peaks.  Additionally, the method used to produce complexes rapidly is not 
ideal for lamella formation, and stability is compromised as a result.  The literature has 
documented the formation of type I, IIa and IIb complexes with lipids
2,3,21,22
 but it is unclear 
where flavors also form these complexes.  The longer a sample is given to complex at a given 





Given the wide melting range of the complexes, it is also possible that there is a distribution of 
complexes with varied lamellar thickness.  
 After the complexation protocol had been successfully optimized for 2APy, in regards to 
both yield and complexation time, the method was ready to apply to unstable compounds.  First, 
2-acetyl-2-thiazoline was used to test the method because this unstable molecule is commercially 
available and only needs to undergo high vacuum distillation before use.  In contrast, 2AP 
requires a lengthy synthesis
39
.  The results in Table 4-2 compare loading and stability for 2APy, 
2-acetyl-2-thiazoline and 2AP.  The results for 2-acetyl-2-thiazoline-starch complexation were 
very encouraging, with a loading of 1.82% and the retention of approximately one third of the 
flavor after 1 month of storage at ambient conditions. 
 As a result of this promising data, the complexation was then applied to 2AP.  While the 
initial loading was acceptable at approximately 0.343%, the 2AP level declined quickly, showing 
the loss of over one order of magnitude of 2AP after 2 weeks of storage under ambient lab 
conditions (Table 4-3).  In an attempt to improve 2AP stability, one experiment was performed 
to evaluate the possibility of co-complexation.  Based on the work of Tapanapunnitikul et al.
7
, 
we know that the native lipid can be beneficial to flavor loading.  Additionally, Kong et al. 
38
 
successfully used ascorbyl palmitate to complex β-cartotene with amylose.  Kong et al. 38 
provide a good summary of researchers who have attempted to introduce two guests into the 
amylose complex.  Examples of co-complexation provide both successes and failures, the latter 
occurs when one guest has a strong affinity for the amylose hydrophobic core
38
.   When 2AP and 
2,6-dimethylpyrazine were added together to the starch, 2AP loading remained low and there 
was a considerable amount of surface oil.  Further, after 2 weeks, no 2AP remained in the 
complex.  No other attempts at co-complexation were made.  Also noteworthy is the fact that 
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native lipid is already co-complexing with 2AP.  This means that the addition of 2,6-
dimethylpyrzaine is, in effect, adding a third guest.  Thus, 2,6-dimethylpyrazine complicates the 
system and introduces competition for the amylose core. 
 After demonstrating that the 2AP-starch complex could be reproducibly produced, the 
storage stability of the 2AP-starch complex was evaluated.  The storage was conducted under dry 
conditions in the presence of phosphorus pentoxide and quantitation was based on the internal 
standard 2-
13
C2-acetyl-1-pyrroline.  Both sonication and acetone were used to promote 
complexation, producing a 2AP loading of 0.504 ± 0.071 (Table 4-4).  Under dry conditions, 
approximately 63% of the initial 2AP remains after two weeks of storage.  The dry conditions 
and accurate quantitation are thought to explain the higher loading and stability observed in this 
trial, compared to the initial trial shown in Table 4-3.    The storage study could only be 
conducted for 2 weeks due to the high amount of 2AP required to make this amount of complex 
(over 0.6 g 2AP) and the low yield (0.2686 g complex, 30.10% yield), although some free 2AP 
could be recovered.  One interesting and surprising result from the 2AP complexes was the 
presence of surface oil.  When making the 2APy complexes, no surface oil was detected and it 
was originally thought that no 2AP surface oil would be present, due to its instability.  However, 
as Table 4-4 shows, surface oil was always present in the 2AP-starch complex.  There are a few 
possible explanations for this.  First, the rapid formation of the complex likely resulted in a less 
stable complex.  Also, 2AP may be present between the coils of helices, in addition to within the 
helical cavity.  The DCM wash to determine surface oil may be freeing the 2AP molecules 
trapped between helices.  Another hypothesis was that the grinding process during sample 
preparation was damaging the complex.  The sample preparation for the samples in Table 4-4 
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were done without grinding, so as to minimize surface oil due to any mechanical damage of the 
starch complex. 
 The thermographs for precooked Hylon VII and 2AP are shown in Figure 4-5.  The 
precooked Hylon VII containing native lipid is observed to melt between approximately 80-120 
°C.  By comparing thermographs in Figure 4-5(a) and (b), little change is observed between a 
complex containing native lipid only compared to a co-complex of 2AP and native lipid.  
Unfortunately, these results do not provide any insights into the specific behavior of 2AP with 
the starch.  However, the concentration of native lipid is likely over 10 times the concentration of 
2AP.  Tapanapunnitikul et al.
7
 found that up to 6.7% of lipid was present in native starch with no 
added flavor.  They used Hylon VII, the same as was used in the current research, and found that 
the presence of flavor in the resulting starch complex partially excluded the lipid, resulting in 
entrapped lipid levels ranging from 0.9 to 5.1% lipid in starch
7
.  Subsequent cooling and 
reheating of the sample demonstrated that the 2AP-starch inclusion complex could be reformed 
(not shown).   
 In this work, we demonstrated the formation of 2APy-starch complexes and then reduced 
the time necessary for complexation, via the addition of organic solvent and sonication.  PXRD 
confirmed that a V-complex is formed with 2APy and the natural lipid.  Sodium chloride was 
beneficial to the formation of V-complexes.  Later trials with and without sodium chloride using 
the precooked starch indicated that the 2APy-starch complex could be formed in the absence of 
salt as well.  Therefore, salt is not strictly necessary, but is a complexation aid.  The sodium 
chloride controls we evaluated also confirmed that sodium chloride does not complex itself.    
The complexation method was tested on the unstable compound 2-acetyl-2-thiazoline and then 
applied to 2AP.  Loading data obtained by GC-FID and GC-MS established the level of 2APy, 2-
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acetyl-2-thiazoline and 2AP within the starch inclusion complexes, ranging from 0.5% to nearly 
2%, depending on the compound.  The storage study clearly demonstrated that starch 
complexation can extend 2AP’s shelf life compared to neat 2AP, the latter of which undergoes 
rapid loss within 30 minutes.  This work offers a proof-of-concept stabilization strategy for 2AP, 
mimicking the natural preservation of 2AP in raw rice. 
 
This chapter is being prepared for journal submission. 
The co-authors will be Ms. Jeanette Little and Dr. James Kenar, with Dr. Keith Cadwallader as 
the corresponding author.  Ms. Little provided guidance for DSC methodology and 
interpretation, as well as suggestions for the methodology to form starch inclusion complexes.  
Dr. Kenar provided insights into the state-of-knowledge on starch inclusion complexes and 





Tables and Figures 
 
Table 4-1 Affect of 2-acetylpyridine addition temperature on the loading of the 2APy-starch 
complex
a
   
Temperature, °C 2APy loading, % 
40 0.531 ± 0.064 
50 0.542 ± 0.050 
60 0.585 ±0.047 
70 0.514 ± 0.074 
80 0.695 ±0.059 
a
In all trials, 2APy (1.2 g) was added to the starch slurry (0.90 g starch, dwb/150 mL water) at 
the specified temperature in the presence of 1% sodium chloride, with shaking to dissolve the 
salt.  The samples were allowed to rest for 24 h at room temp before work-up and freeze drying.  
Loading was determined on n=2 samples from one experimental trial. 
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Table 4-2 Affect of the amount of added 2-acetylpyridine on the loading of the 2APy-starch 
complex
a
   
Amount of added 2APy, g 2APy loading, % 
2.404 0.851 ± 0.070 
3.598 1.692 ± 0.049 
4.804 1.391 ± 0.026 
a
In all trials, the specified amount of 2APy was added to the starch slurry (0.99 g starch/150 mL 
water) at 80 °C  in the presence of 1% sodium chloride, with shaking to dissolve the salt.  The 
samples were allowed to rest for 24 h at room temp before work-up and freeze drying.  Loading 




Table 4-3 Selected loadings obtained for starch-flavor complexes 
Description of complex  Loading
a
  Yield  
precooked high amylose starch 
complex with 2-acetylpyridine 
(3/18/17) 
b 
1.04% +/- 0.07  24%  





After 4 wks storage: 
(ambient conditions) 0.656%+/-0.025  
23%  




0.343% +/- 0.282 
After 2 wks storage: 
(desiccator) 0.0225% +/-0.0041  
27% 
a
Semi-quantitation based on GC-FID analysis with 2-acetyl-6-methylpyridine as the internal 
standard 
b
2.4 g flv/0.93 g precooked starch (dwb), flavor addition at 80 °C, 1% sodium chloride, 
24 h period for complexation 
c
2.4 g flv/0.62 g precooked starch (dwb), flavor addition at 80 °C, 
1% sodium chloride, 40% acetone and 20 min of sonication (10 sec on, 10 sec off) to promote 
complexation 
d
0.24 g flv/0.062 g precooked starch (dwb), flavor addition at 80 °C, 1% sodium 





Table 4-4 2AP-starch complex storage stability at 0% relative humidity (phosphorus pentoxide) 






surface flv, % 







0 0.075         
0 0.158 0.116 ± 0.059       
0     0.629     
0     0.612 
0.620 ± 
0.012 0.504 ± 0.071 
7 0.056         
7 0.054 0.055 ± 0.001       
7     0.436     
8     0.499 
0.468 ± 
0.045 0.413 ± 0.046 
14 0.035 0.035
b
       
14     0.341     
14     0.364 
0.353 ± 
0.016 0.318 ± 0.016 
a
Based on quantitation with 2-
13









Figure 4-1 The effect of sodium chloride level on the formation of 2-acetylpyridine-starch 
complexes by x-ray powder diffraction   The salt levels are (a) zero, (b) 0.10%, (c) 0.50% and (d) 
1.0%.  The diffraction pattern distinguishes crystalline forms of a material.  2APy-starch 
complexes exhibit a Vh  crystalline form with 2θ maxima at 7.78 ° (very weak), 12.82 ° 












Figure 4-2 X-ray powder diffraction on high amylose corn starch controls Sample (a) shows the 




Figure 4-2 (cont.) For samples (b)-(d), the starch was gelatinized in the autoclave.  Sample (b) 
shows that the starch exhibits a Vh crystalline form in the presence of salt.  Sample (c) shows that 
the starch exhibits a Vh crystalline form, the result of the native lipid forming a complex with the 
starch, even in the absence of salt. In sample (d), the starch was defatted prior to gelatinization 
and the starch slurry was cooled to 50 °C before adding 1% sodium chloride.  This pattern is 
consistent with an amorphous material, with low intensity, sharp signals the result of a trace 







Figure 4-3 Differential scanning calorimetry thermograms for 2-acetylpyridine-starch complex 
prepared using autoclaved Hylon VII and a (a)24 h rest period at room temperature before work- 






Figure 4-3 (cont.) (c) addition of 40% ethanol and sonication for 20 minutes (cycles of 10 sec on, 
10 sec off)  before work-up.  The same ratio of 2APy to starch was used in all samples.   
87 
 
   
Figure 4-4  X-ray diffraction pattern of precooked high amylose corn starch complex after 
adding acetone at 80 °C  The 2θ maxima occur at 17.00 °, 19.80° and 22.06 °, characteristic of a 










Figure 4-5 Differential scanning calorimetry thermograms for (a) precooked Hylon VII and (b) 
precooked Hylon VII complex with 2AP  The 2AP-starch complex was made using 40% acetone 
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CHAPTER 5:  CONCLUSIONS 
 From this work, the reader should be convinced that 2AP is an ideal flavor compound to 
study from a scientific standpoint.  2AP’s value as a flavor compound is clear because this 
molecule:  (1) is a potent odorant with a low odor threshold of 0.1 ppb in water, (2) widely 
occurs in over 30 foods, as a result of being both biologically formed and a Maillard reaction 
product and (3) is a characterizing odorant in popular foods such as aromatic rice and popcorn.  
With this practical importance established, 2AP offers value to scientific understanding because 
it is a case study of the chemistry of the structurally similar family of heterocyclic compounds 
and one piece of its complex chemistry has remained unconfirmed for 36 years, namely its 
reaction fate.  An importance piece of this reaction fate is now cracked with the current work.  A 
review of the first objective and aim of the project shows that the project was successful: 
Objective 1:  To chemically characterize 2AP’s spontaneous reaction products and pathway. 
Aim 1-1:  To develop and validate methodology for studying 2AP loss and to use this 
methodology to identify the chemical structure(s) of 2AP’s spontaneous reaction products, and 
specifically to identify the structure of the dimer.   
 2AP loss was followed in a concentrated aqueous solution by high resolution mass 
spectrometry (HR-MS) and nuclear magnetic resonance spectroscopy (NMR) to deduce that 2AP 
undergoes a polymerization process.  The dimer and other polymerization products could be 
generated reproducibly and the data from both characterization tools were complementary.  Ron 
Buttery was correct that 2AP undergoes polymerization; however, 2AP’s polymerization does 
not produce a conjugated pyrroline polymer as he hypothesized
1
.  The hydrated dimer contains a 
5-membered,  nitrogen containing keto ring, a carboxylic acid group and amino group.  Further, 
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HR-MS demonstrates that 2AP forms polymers of at least six 2AP units, accompanied by the 
loss of water.   
In Chapter 3, a mechanism was proposed for the formation of the hydrated dimer from 
two molecules of 2AP in the open chain form.  Water was important in this mechanism, which 
explains why water is so detrimental to 2AP’s stability.  From the literature, there are examples 
of water, especially under basic conditions, reducing 2AP’s storage stability
2–4
.  This insight 
relates to the other dimension of this research, namely to offer a novel approach to 2AP 
stabilization.  The objective and aims in the second area of the project were: 
Objective 2:  To develop and characterize a flavor-starch technology capable of both 
protection of flavor compounds and providing a means of targeted release. 
Aim 2-1:  To use 2-acetylpyridine (2APy) as a representative of the family of structurally similar 
cracker-like aroma compounds and demonstrate the utility of starch complexation for targeted 
release. 
Aim 2-2:  To extend the applicability of flavor-starch complexes to unstable and/or potent 
flavors of interest. 
Aim 2-3:  To demonstrate the storage stability of the flavor-starch complexes. 
In this work, we demonstrated that flavor-starch complexes can be made with 2-
acetylpyridine (2APy) and later with 2AP.  2APy was used to develop the methodology for 
inclusion complex formation and characterization.  PXRD confirmed that an α-helix was formed 
with 2APy, in the presence of natural lipid.  Additionally, GC-FID data indicated that 2APy was 
released from the α-helix in 2APy-starch complexes after heating in the presence of water.  
Similarly, 2AP was also shown to be released from 2AP-starch complexes.  Storage stability 
clearly demonstrated that this technology can extend 2AP’s shelf life compared to neat 2AP, the 
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latter of which undergoes rapid loss within 30 minutes.  Under dry conditions, approximately 
63% of the initial 2AP remains after two weeks of storage.   This technology is particularly 
useful for the food industry because starch is a common food ingredient and using a natural 
source of 2AP, like Pandan leaves, would allow for clean ingredient labeling. 
Recommendations for future work 
 The 2AP loss chemistry project has made a significant stride with the identification of the 
hydrated dimer.  Current work is still underway to determine the structure of the dimer and its 
formation mechanism.  The NMR signals for the dimer accompany the hydrated dimer in the 
proton and 2D spectra and are present at a lower intensity.  Additionally, two other research 
avenues could be further pursued.  One avenue would be to use solid phase extraction to isolate 
other 2AP reaction products (e.g. the trimer), after method development for the target species, 
and determine their structures.  Alternatively, this methodology could be applied to other 
structurally similar heterocyclic compounds, such as 2-propionyl-1-pyrroline and 6-acetyl-
1,2,3,4-tetrahydropyridine.  We already know from HR-MS that 2-propionyl-1-pyrroline forms 
polymerization products analogous in mass to 2AP.  The current knowledge could be used to 
predict the structures of the hydrated dimers of 2-propionyl-1-pyrroline and 6-acetyl-1,2,3,4-
tetrahydropyridine because they are expected to undergo an analogous mechanism as 2AP.  With 
these additional molecular case studies, the mechanism could potentially be applied to the whole 
family of heterocyclic aroma compounds. 
Regarding 2AP-starch complexation, more work is needed improve the retention of 2AP 
before the technology is ready for scale up and industrial application.  The literature shows that 
higher temperatures during complexation, as well as being held at these elevated temperatures 





These complexes with differing thermal stability are reported in conjunction with lipids.  
Research is necessary to establish whether flavor compounds can also form complexes with 
different thermal stability.  This is recommended to be done with a stable flavor compound, 
rather than 2AP.  A range of complexation temperatures should be employed going up to 90-95 
°C.  Besides addition of flavor at elevated temperature, the solution could be held at elevated 
temperature for longer periods to further promote the formation of more stable complexes, as in 
the work of Karkalas et al.
5
  As a complementary approach, DSC can also be used to attempt to 
anneal the starch-flavor complex made at a low complexation temperature, i.e. 60 °C, into a 
more stable complex with a higher melting range.  If this work is successful at creating more 
thermally stable flavor-starch complexes, then the method could then be adapted for 2AP-starch 
complexes.  Additionally, as minor method modifications, the sodium chloride could be added to 
the starch slurry before heating and the jet-cooked starch should be re-heated to boiling and then 
cooled to the desired temperature for flavor addition.  This latter modification would help break 
the amylose crystalline structure and promote the accessibility of the flavor compounds to the 
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APPENDIX A:  2AP HYDRATED DIMER NMR DATA 
Supplemental electronic files in MNOVA are available for the hydrated dimer on the Illinois 
Digital Environment for Access to Learning and Scholarship (IDEALS, 
https://www.ideals.illinois.edu/). The file names are “2AP_hydrated_dimer_unlabeled_ 






















HMBC data for both the carbon-13-labeled (2-
13
C2-acetyl-1-pyrroline) and unlabeled 2AP 
hydrated dimer. 
